The concentration of vacancy-type defects in a silicon-on-insulator substrate consisting of a 110nm silicon overlayer and 200nm buried oxide has been quantified using Variable Energy Positron Annihilation Spectroscopy following 300keV 
Introduction
As Complementary-Metal-Oxide-Semiconductor (CMOS) devices evolve beyond the 32nm technology node, the device requirements push the fundamental boundaries of not only the starting substrate, namely silicon, but also the technology used to create such advanced devices [1] . Source/Drain Extensions (SDE) are vital components within the device architecture, helping reduce detrimental phenomena such as short channel effects. However, the ability to produce such Ultra-Shallow Junctions (USJs) to the required specification in terms of sheet resistance (R s ) and junction depth (X j ) with a traditional implantation and anneal process, is significantly reduced due to dopant-defect interactions which result in anomalous diffusion [2] and clustering behavior [3] that increases the junction depth and sheet resistance, respectively.
Vacancy engineering is a co-implantation process whereby an excess of vacancy defects, the concentration of which is often estimated via simulation, are first generated in the region of the required shallow junction in the expectation that the excess vacancies will annihilate the supersaturation of interstitials introduced during the subsequent dopant implant [4] . This minimizes the unfavorable effect of excess defects on interstitial mediated dopants such as boron. By combining a Vacancy Engineering Implantation (VEI) with a Silicon-on-Insulator (SOI) substrate it is possible to optimize the introduction of vacancies by implanting at an energy which ensures the ion species resides beyond the buried oxide, thus leaving the peak of the interstitial distribution within the underlying substrate [5] . Such an implantation process provides an excess of vacancy defects in the SOI overlayer with the result that the two excess defect bands (interstitial and vacancy) are physically isolated on either side of the buried oxide (BOX). A variation of this process was demonstrated recently, in which the co-implantation dose and energy was engineered to provide a -4 of 21-buried amorphous layer encroaching into the top silicon over-layer, above the BOX [6] . This placed the subsequent doping implantation within a highly damaged but crystalline surface region, allowing the overlayer to repair thermally via a 'reverse' solid phase epitaxial regrowth.
The direct determination of the concentration and distribution of vacancy-type defects following ion implantation of silicon is non-trivial. Although several techniques have been utilized to this end, each is limited in the type, range or concentration of defects which can be probed. Variable Energy Positron Annihilation Spectroscopy (VEPAS) has been shown to provide semi-quantitative data on the formation and evolution of vacancy defects introduced via ion implantation [7] , while in circumstances where the defect type may be assumed reliably determination of defect concentration is possible. In this report we use VEPAS to examine the concentration of excess vacancy defects generated by a VEI in a thin SOI layer. The experimentally-determined defect concentrations are compared to Monte Carlo simulations, and related to the efficiency for improving phosphorous activation and reducing transient enhanced diffusion.
Experimental Method
SOI wafers with a 110nm/200nm structure (silicon overlayer/BOX thickness)
were implanted with a 300keV silicon VEI to a dose of 1.5x10 15 cm -2 , positioning the projected range, and therefore the excess interstitial region, beneath the BOX. The experimental design and estimation of the defect generation is presented within Fig. 1(a), illustrating the simulated excess vacancy (open squares) and interstitial (open circles) distributions with respect to the SOI structure. These were calculated using a
Monte Carlo routine and the following expression: representing the silicon interstitial, vacancy concentration and silicon ion implanted distribution, respectively [8] . Therefore, if C D (x) is negative (positive) the defect distribution is determined to be vacancy-rich (interstitial-rich).
Complete amorphization of the SOI overlayer inhibits thermal regrowth of the overlayer into mono-crystalline silicon (poly-crystalline silicon is formed), and excess vacancies do not survive. Cross-sectional Transmission Electron Microscopy (X-TEM) analysis was used to probe the damage sustained to the substrate after the VEI ( Fig. 1(b -e) ). Samples were prepared by mechanical grinding and polishing, followed by ion-beam polishing at 4.5º in a Gatan Precision Ion Polishing System using Ar ions at 4.5keV. The samples were imaged in a Hitachi HD2300A Scanning Transmission Electron Microscope at 200keV, with a Schottky emitter. Diffraction patterns were acquired using a small, parallel beam of ~10nm in diameter.
The diffraction pattern shown in Fig. 1(b) indicates that the silicon over-layer has a single crystal structure, confirming the VEI has not destroyed the overall crystalline nature of the silicon layer. The diffraction pattern in Fig. 1(c) is typical for an amorphous material and is thus consistent with a buried SiO 2 amorphous layer, whilst 1(d) illustrates the diffraction pattern obtained from just below the BOX, around the peak of the interstitial damage region where most of the damage is expected. The rings are much sharper than in the case of 1(c), suggesting that the layer is nano-crystalline or has long-range ordering present. Lastly, 1(e) shows the diffraction pattern from beyond the implant distribution, illustrating a single crystal structure (similar to that for Fig. 1(b) ).
Once the crystalline integrity of the silicon over-layer after the VEI had been verified, samples were annealed using a 10s isochronal scheme from 300 to 700 o C prior to performing VEPAS at the University of Bath [9] . VEPAS data are represented using the S-parameter, which reflects the average momentum of electrons at the positron/electron annihilation sites. In general, an increase in the value of S, relative to that for a sample that is essentially defect free, indicates the presence of open-volume or vacancy-type defects. The amount by which S increases reflects both the size and total concentration of the defects within the sample. The VEPAS technique is sensitive to defect concentrations as low as 10 15 cm −3 , while positron trapping saturates for samples containing defects at a concentration
Control of the energy of the implanted positrons, typically between 0.5 and 30 keV, allows one to probe defect distributions from the sample surface to a few microns in depth. The positron implantation profile is well described by a Makhovian distribution:
where z is the distance measured from the surface, E is the incident positron energy, and z 0 is related to the mean implantation depth z for a material of density ρ and is commonly given by (40/ρ)E 1.6 (z 0 in nm and E in keV). The data presented in Fig. 2 , and similar data for all other annealing temperatures, were modeled using the fitting routine POSTRAP [12] . The structures were assumed to possess seven annihilation sites: (1) the sample surface, (2) the silicon overlayer, (3) the silicon overlayer/BOX interface, (4) the BOX, (5) the BOX substrate interface, (6) the implanted substrate, and (7) it is possible to compare the areal density of vacancies measured by VEPAS with that estimated by the simulation, after doubling the former because the S parameter observed here is associated with divacancies [11] . Then the measured density of 3.7x10 14 cm -2 is in very good agreement with the simulation result of 4.25x10 14 cm -2 .
Results and Discussion
We now consider the effects of the VEI on a phosphorus-doped USJ. A second set of identical samples was implanted with the same specification VEI as for the VEPAS measurements described above. A subsequent phosphorus implantation was performed at an energy of 2keV and to a dose of 10 15 cm -2 . The samples were then subjected to a 10s anneal at temperatures ranging from 600 to 1000ºC in a N 2 ambient. Evolution of the phosphorus dopant profile was determined via Secondary Ion Mass Spectroscopy (SIMS) while the electrical activation of the phosphorus was measured in terms of sheet resistance (R s ) using a four point probe. Concomitant determination of resistivity and mobility were measured via the Hall effect using the For the sample set without a VEI (Fig. 4(a) ), a significant degree of diffusion is apparent within the tail region of the phosphorus distribution when the anneal temperature is increased to above 700 o C. When a VEI is used (Fig. 4(b) ) annealing Phosphorus has previously been shown to cluster with vacancy defects [16] .
Therefore, one may reasonably expect that the R s may increase or conversely the electrically active sheet carrier density (N s ) may decrease when a phosphorus implantation is combined with VEI, which is contrary to the results presented in Fig. 5 for the 700-900ºC temperature range. In the current study the phosphorus dose was high enough to amorphize the first 5nm of the sample, rendering the effects of the 
Conclusion
In this report we describe the impact of a Vacancy Engineering Implant (VEI) on the diffusion and activation of ultra-shallow phosphorus in silicon, implemented via 2keV 
